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ANSTRACT

The use of unmannced robotic vehicles to assist in the
exploration of Mars and other planets has been of inter-
est o the National Aeronautics and Space Admipigtration
(NASA) forscveral decades and has been the focus of
an ongoin g rescarch program at the Jet Propulsion Lab-
oratory (J] '],) for a similar period of time. As arcsult
of these rescarch activitics, J]'], is inthe process of de-
signing and building asmall (7-9 Xg) microrover to be
flown aboard the MESUR/Pat hiinder ! spacceraft which
is tentatively due to be launched to Mars in December  of
1096. The lander portion of the spacecraft, which con-
tains the mi crorover, will perform a variely of technology
experiments designedto provide information critical to the
design of future planctary probes. In addition, the jiicro.
rover will perform several science and lander related exper-
ments using specialized onboard instruments. 'To cnable
the microrover to perform these experiments at selected
targel areas and at the same time deal with the long time
delays (and limited coinmunications bandwidth), a con-
{rol/navigation approach combining the use of operator
desig nated waypoints and onboard behavior control has
been adopted. The design of the MESUR/Pathfinder mni-
crorover and tlicoverall manner in which it is controlled
arc described herein,

1 BACKGROUND

Pormany years, J'], and NASA have beendevdloping
mission concepts for 1he continued exploration of Mars.
The most recent outeomne of this activity hasbeen a pro-
posal to fly two separate but related missions, the first 1 -
ing the MESUR/Pa thfinder Mission and the sccond heing,
the MIXUI{/Network Mission. The MESUR/Dathfinder

Mission, which is currently scheduled to launch in Decen-
her of 1996, will be yged to demonstrat ¢ and cvaluat ¢ the

performance Of a low cost MESUR-like spacecraft. The
spacecraft will be evaluated on its ability to deliver a lan-
der to themartian surf rface, withstand and reliably operate

I Mars Enviromniental SURve y Mission (MESUR)

within the martian cnviron ment, support scientific instru-
ments, and perforty experiments. MESUR/Pathifinder will
be NASA’s firstlow cost “Discovery” claw mnission .

The MESU R /Pathfinder spacecraft will also dcliver a
Microrover 1o Mars 3. (‘The MESUR/Patl finder micro-
rover is based onthe Rocky 11T and Rocky 1V vehicles
developed previously at JPL as part its roboties rescarch
activities [1]. ) Thie primary objective of this component of
the mission will be to demonstrate and evaluate the per-
formance of alow-cost, MIXUIli-like microrover and to
characterize its interaction with the martian environinent
(c.g., soil, atmosphere, ete). The ability to detect and
avoid harzards, navigate to cle.sired target locations bascd
upon measurcments from onboard sensors and high level
cornmands fromn groullcl-based operators, drive across ter-
rain with varying soil and rock propertics, and perforin
uscful scientific tasks arc critical features to be tested and
demonstrated. Figure 1depicts the basic configuration of
the MESUR/Poathfinder lander and microrover.

In contrast to the MESU R/Pathfinder Mission, the
MESUR/Nectwork Mission will involve the delivery of up
to 16 Jow-cost landers to Mars and will focus 011 per-
forming awiderange of scientific experiments involving
measurcments taken from widely distributed landing sites
(i.e., > 100 X apart). The primnary objectives of the
mission arc to determine the global seisinicity and inter-
nal structure of Mars; to improve our knowledge of the
global circulation within the atinosphere and of neteo-
rological conditions at the surface; andto determine the
clemental chemistry, mineral composition, and ice content
of llc~ir-surface soils and rocks. Network’s configuration
also provides data cssential for planning future manned

1missions.

The first lautich of the MIX1JI{/Network Mission is
scheduled for 1999.

2The cost o f a Discovery Class Mission capped at $150 (US)

3T e microrover is separately funded by NASA's rescarch Pt o-
gramn (Code C). Its costis not included in the MESUR /Pat hfindar’s
$'150N’| Cost Cap)-



} the same experiments will be performed over a wider range
i of terrain/cnivironmental conditions.  Additional APXS
© spectraandimages Of the lander will also be taken. If
it survives, themicrorover will also be commanded o ex-
plore beyond the lander’s visual horizon and potentially
beyond the range within which the microrover and lander
can communicate. The lattier is estimated to be at about
700 mecters andwould naturally require the microrover to
return periodically to transinit data. (It should be noted
that nothing within the microrover’s design precludes it
from opcrating indefinitely.)

3 V1SN CLE DESIGN

The MESUR/Path finder microrover system is com-
prised of the following four subsysterns:

¢ Molahty
¢ Control and Navigation
¢ ’ower

¢ T'clecor mmunications

The Mobility subsystemn includes the vehicle chassis,
wheels, wheel drive and steering mechanisms (i. ¢, motors,
gears, cucoders); the rocker-bogie suspension system; the
Warin Electronies Box (WER); the solar pancl substrate;
rover-io-la]ldcr mounting hardware; and various internal
subchassis (e.g., battery box). The Control and Naviga-
tion Subsystem includes the onboard CPU, 1 nory, and
1/() clectronics boards; the onboard navigation scnusors
(e.g., camicras, accelerometers, ete.); al onboard software;
2 ROVER MISSION SCENARIO the rover ground control station; and the ground control
station software. The Power subsystem provides the solar
cells for the solar pancl, the battery cells, and a regulator
board containing a variety of DC/NC power converters.
"The Telecomm mimications subsystein consists of the two
UHF modeins and whip antennacs, one for the lander and
onc for therover.

Thebasic configuration of the flight systemn is illus-
trated in Figure 2. The vehicle, shown in its dej Jloyed
configuration, is 65.0 cmlong, 48.0 em wide, and 30.0
e high, and will have a nmass of between 7-9 Kg. Whien
stowed in the lander during cruise, the rover is only 18 cin
high.

Figure 1: Artists rendition of the MESU R/Pat finder
la nder and microrover. ‘The miicrorover is shown exain-
Ining arock.

Themartiantherinal envirom nent is ex tremely harsh.
During the afternoon, the temperature at the surface is
expected to hearound 2HC, wlie reasat mght, thetemyper-
at ure will drop to as low as -125C. Suclyvariations pose a
sigmficant threat to the survivability of the rover as well
as the lander. Inresponse o this, the surface operations
pla n has been divided into two comp onents, the Primary
Mission and the Extend ed Mission. Thie Primiary Mission
is currently sclicduled to last for 7 Sols 1. The objective
Of thePrimary Missionwillbetoperfornmeachof the 1( 711
baselit jed teclmology experiments at least once, collect a
APXS spectiian of a rock, and acquire an image of the
lander i the feast number o f therimal eyeles (e Sols).
During the P rinaary Mission, the microrover will ramain

3.1 Mobility Subsystem

One of the key features depicted in Figure 2 is the
rocker-])ogic suspensionsystem [2]. This suspension sys-
tem gives the vehicle an exceptionally high degree of mo-
bility enabling it to travel across fine dust, and cliib obsta-

1 Sol: 1 martianday © 24 hours, 40 minutes (ie.. olig Wly  cles twice the diameter of its wheels. The design consists of
Jongerthan 1 carth day) two identical but independent planar linkage mnechanisins,

within the view of the lander’s camceras and travel an y.
wherefrom 1o 1o 100 moeters,

1 he Bxtended Mission hegins on the 8™ Sol after which
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Figure 2: Schematics of the MESUR/Path finder Micro-
rover showing the relative placanent of the six drive
wheels, the rocker-bogic suspension syster i, the Warin
Elcetronies Box (WEB), the two forward looking can jcras,
the five laser stripe projectors, and the solar pancl.

oncon cither side of the vehicle, interconnected to the ve-
hicle chassis by a differential. The diflerential constrains
the chassis such that the relative rotation between cither
rocker and the chassis is half that of tlic rotation between

Table 1

Onboard sensors

Qty Sensor Primary Function(s)
(3) | Accelcrometers Hazard Detection

(1) Rate Gyro~ Dead Reckoning

(4) | Bumper (chassis) | Collision Detection

(4) | Bumper (solar) Collision Detection

(2) | CCDs (front) Inaging; Proximity

(1) | CCDs (rear) hinaging; 1 arget Validation

(3) | Temp (CChHs) CCD Calib.;Scient ific Iinaging
(2 | Temp (Motor) Motor Performance Evaluat jon
(3) | Temp (WEB) Thermal Contral & Characterization
3 | Tanp (Solar) Avray Performan ce Evaluation
2 | QecM ® Dust Aclliclclicc;yarticle Mass
(2) | Solar Cells Power Management

(G) | Current (Motor) | Torque Monitoring; Fault protection
(3) | Current (Batt) Power Management

(5) | Current (Reg) Power Management

(2) | Bogic Position Hazard Detection; Mobility

1) | Differential 'os. Hazard Detection; Mobility
(6) | Wheel Position Dead Reckoning

(4) | Steering Angle Direction Control

(10) | Voltage (Motor) Motor Paformance Fvaluation
(1) | Solar cen Wheel Abrasion

(4) | Scparation Deployment State

(1) | APXS Position Deployment Control

(3) | Bumpa (AP'XS) APXS Emplaccanent

(3) | Real-Time Clock | Timne/Alarm Clock

the two rockers. Other important features of the rocker-
bogic design includethe staticaly deteriministicloading of
the vehicle’s weight on the wheels, a nominal ground pres-
surc of 0.5 psi (011 Mars), aid theabsence of kinematically
induced tracking errors. ‘The latter is clue to the fact that
the wheels arc constrained by the mechanism to ranain in
planc.

Control of the vehicle’s orient ation i s achieved by
changing the orientation (i. e, steering angle) of the four
corner wheels, Since the steering angles are independently
controlled, the vehicle can turn about any radius including
zero (i. e, to turninplace) without skidding. Although the
vchicle is mechanically capable of true Ackermann stecr-
ing, a slightly simpler algorithim is usedto reduce the com -
plexity of the control system. The simplification involves
sctting the speed of the six drive wheels to the garne value
as opposcd to the true Ackermamm va lues.  In practice,
this only aflecets the vehicle’s perforinance and the accu-
racy of the dead-reckoning algorithin durin g tight turns.
Theability to tornin place without, skidding , however,
over comnies this hmitation.

3.2 Control and Navigation Subsystem

The microrover contains an extensive suite of scnsors
which arc used for navigation, hazard and obstacle detee-
tion, power management, fault protection, and collection
of mmecasuremen ts for particular technology experiments.
The types of sensors and their primnary function(s) arc
listed in'Fable 1. Many of the sensors serve multiple func-



tions. Yor example, the three internal lincar accclerone-
ters arc used 1) to measure the orientation of the chassis
with respect to vertical to indicate how close the vehicle
is to tipping over, 2)to measure instantaneous acceler-
ations during traversal insupport of the technology ex-
periments;and 3) to compensale the rate gyro rcadings.
In addition to thesc sensors, the micrcrr-over contains an
Alpha/Proto n/X-Ray Spectrometer (A PXS) which is at-
tached to a deployiment mechanism 011 the back of the
microrover. Spectra from the APXS will be used by the
scientists to ncasure elemental composition. 11ie APXS
will beprovided by the Max Van Pla nk Institute in Ger-
many and the University of Chicagointhe USA.

The sensors listed in Table 1, the ten whicel motors,
the APXS, the 111111 modem, and severaliniscellancous
actuators (i.e., nitinol dust covers, latches, cte.), are all
interfaced to and controlled by a single onboard micro-
processor. The microprocessor is bawd upon the 80C85H
CPU which has been used extensively on other planctary
spacccraft, is fully flight qualified, andimmunc to Single
Fvent Latchups (SELs). The 80C85 is a 100 Kips, 8 bit
machine with @16 bit address space (i. e, 64Kbyte address
spacc). Bank switching will be used to extend the onboard
memory 1o 672 Kbytes (16 Kbytes of core ROM, 16 Kbytes
of core RAM, 1 28K bytes of Iash B prom, and 512K bytes
of bulk RAM).The bulk RAM is for storing iinages and
engincering data prior to {ransmission to carth. 1he on-
board control code is expected to occupy approximately
60- 80K bytes of the core ROMand FF 1 PROM.

4 CONTROL. AND NAVIG ATION
4.1 Control Strategy

The strategy for commmanding and controlling the mi-
crorover is based upon a combination of operator-based
waypoint designation [ 3] and onboard bchavior control
[4, 5, 0]. The waypoint designation component deals with
the ground-bascd plaiming of the activity sequence and
the interactive selection of the locations through which
the vehicle should travelin order to reach desired activity
sites, During this step in the process of controlling the
microrover, it is the responsibility of the human operator
to designate paths (i.c, a scquences of waypoints) which
arc free of obstacles and/or havards which could threaten
the safety of the vehicle and jeopardize the mission. The
behavioral component of the control strategy corresponds
to the onboard algorithms which autonomously and safely
navigate the vehicle from one waypoint to the next. Fhese
algorithms account for the inaccuracies involved in navi-
gating along unknown terrain and the presence of obsta-
cles and/or hazards which were undetected by the opera-
tor.

The task of designating a waypoint is conceptually

quite simple. Using the display capabilities built into the
Rover’s Control Station, the operator looks at the local
martian terrain in 3-1) and choosces how best to get from
one location to anot her. The 3-1 images arc obtained
from the lander’s stereo imaging system which is located
approximately 1.5 meters above the ground. (1ie lander
camcras have an imaging resolution of 1mrad/pixcl). A
joystick is then used to position a3-1) graphical model
of the inicrorover at locations (i.e, the waypoints) which,
when connected by straight lines, definies the nominal path
through which the vehicle should travel. If the terrain con-
tains numerous obstacles and/or hazards, the operator can
space the waypoints relatively close to one another (e.g.,
0.25 meters), wherecas if the terrain is relatively benign
only a few waypoints may be needed. The choice of how
many waypoints to designate is up to the operator and the
experiment team.

The primary advantage of the aforementioned control
strategy is the inherent separation between th ¢ planning
and control functions which require significant process-
ing capabilitics and can be performed on the ground, and
thosc which require relatively little computational capa-
bility and can be implemented aboard the rover. This
is extremely important in that the design of the micro
rover is highly constrained interims of its power, mass,
and volmne. As an cxample, the ouboard CPU, Main-
ory,and 1/O electronics must not require more than 1.5
watts to operate and must fit withina volume of less than
300cm®. Nigh performance computers which satisfy such
constraints and arc flight qualifiable (i.e., radiation hard,
SEL immmune) arc not readily avail able and henee the algo-
rith msinust be siinple enoughy to implement on an 80C85H
class machine.

4.2 Command Cycle%

The p rocess by which commmands arc gencrated on the
ground, uplinked to the lander, and exccuted by the inicro-
rover IS depicted in Figure 3. The steps indicated thercin
constitute asingle rover cornmand cycle. Oncrover comn -
mand cycle will be perforied cach Sol with the cormnand
scquence being uplinked to the lander starting at approx-
imately 7: 00ar n (inartian timne), shortly after ¥ arth rise.
The earthmust bein the field of view of thelander since
It communicates directly with the ground as opposed to
cotnmunicating through at orbiter.

Animportant constraint. 011 the overall mission is that
the lander can gencrate and store only enough cnergy to
drive its high gain antenmac for two hours cach Sol. The
plan is thus to have the lander telemeter data down to
the carth twice per Sol. Inthemorning, the lander will
telemcter data collected carly th at inorning from the lan-
ders scienceinstruments and enginecering sensors as well as
data collected by the rover the previous night (if night op-
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Figure 3: A microrover command cyele depicting the pro-
cess by which a rover command sequence is generated on
the ground, uplinked to the spacecraft, and exccuted by
the microrover.

crations were perforined). In the afternoon, the lander will
telemceter data it has collected during the day, incuding
days-endimages of the rover, along withthe data collected
by rover: The uplink /downlink rate is approximately 600
bps.

Incontrast, the rover andlander will commmunicate with
one anothier throughout the Sol via UHF mmodems (9600
bps; 450-47 0Mhz) with the rover transmitling an aver-
age of 2Mbytes/Sol. As indicated in¥igure 3, the rover
{ransmits data to the lander after cacl | commmand is exe-
culed The lander simply stores the data until it can for-

wardit tothe ground. In addition to reducing tile amount

of onboard memory required, this strategy minimizes the
amount of data lost if the rover suffers a critical system
failure during the Sol.

4.3 Command Scquences

The locations through which the rover will travel and
the activities that will be performed a ‘specific sites arc
chosen by the experiment teamn based upon the results of
previously collected data, the mnost recent iinages of the

GoloXY ; Navigate to waypoint, avoid obstacles
X =35 (m) . X coordinate of first waypoint
Y = 21 () ;Y coordinate of first waypoint
T = 300 (sCc) ; Thneout (i.e, maximumn travel time)
; additional connmandparameters
Golo XY Navigate 0 waypoint’, avoid obstacles
X: 4.2 (m) ; X coordinate of sccond waypoint
Y =38 m . Y coordinate of second waypoint
1:500 (sCc) ; Timeout (i.e., maximum travel time)

; additional cotmmand paramcters
Acquire-Il]lagc i Take a picture
Camera = R

Fxp = 1.25 (scc)

; Rear camera

s Exposure tine

; additional command parameters
; Deploy APXS

; Soil sampling configuration

; additional coommand parameta s
. Acquire an APXS Spectrum

I)c I)1oY-AL'XS
Config : Soil

Acquire-S],cctla
Integ = 60 (min)
Brnum = 1

3 Spectramintegration time

; Storein APXS memory bank 1

. ; additional command parameters
Status

; Collect healthandstatus data
; additional cormandparameters
GeoeXY ; Navi.gate towaypoint,avoid obstacles
; additional command paramncters
i C.

Figure 4: Annot ated Rover Act ivit ies Sequence File
(RASYF) containing several fundamental rover commmands.

rover and surrounding terrain,andthe relative importance
of the experiments yet to comnpleted. Once sclected the op-
crator uscs the interactive capabilitics of the rover control
station to construct the actual command sequence to be
uplinked to the rover via the lander. The resulting cxe-
cutable comnmand file is caled a Rover Activity Sequence
File, or RASE. Anexamnple of an annotated RASY, or
component t hereof, is presented in Figure 4.

4.4 Navigation

The GoTo-XY command is the principle micans for in-
siructing the microrover to move from one waypoint to
the next while siimultancously avoiding obstacles and haz-
A's described, the execution of the Go'lo XY com -
mand,along with the rest of the commnandsina R ASIH,
perforimed complet cly autonomously. In addition, to the
Go'to XY comunand, there are several other commands
which can be used 1o reposition and/or reorient the ve-
hicle. These “discrete-motion” corninands, however, arc
imtended for diagnostic purposcs and do not invoke feed-
back beyond that of servoing the drive and steering motors
to specified positions.

The inplementation of the Go'lo- XY command con-
sists of three primary components. I'he first cornponent
is the dead-rccko]lillg algorithi which is used to compute
anestimate for the location (i.e, X-Y positionand head-

ards.



ing) of the microrover relative to the lander. 'The heading
estimate andthe current heading setpoint arc used by the
low level servo system to control the vehicle’s steering an-
gle. The sccond component is the underlying navigation
algorithm which simply drives the vehicle directly towards
the specified waypoint. 1deally, if no obstacles and/or haz-
ards arc present and the vehicle has perfect tractjon the
vehicle will travel along a straight line to the Wayioint.
The third component is the behaviors which utilize infor-
mation from the onboardsensors to detect the presence of
obstacles andlor harzards and gencrate steering/drive set -
points which override those generated by the underlying
navigation algorithim. Once the vehicle 110 longer senses
the presence of an obstacle/hazard and it has comnpleted
executing its avoid ance mancuver, the hehaviors return to
generating a “ null” output and the underlying navigation
algorithm takes control of the vehicle.

The dead-rccko]lills algorithim and the means for de-
tecling and avoiding obstacles and hazards are described
in t he following secijons.

4.5 Dead-Reckoning

e microrover’s dead-reckoning algorithin con ibines
the mecasuremeants obtained from the six drive wheclen-
coders, the three lincar accelerometers, and the rate gyro
to estimate the position and heading of the microrover
with resp ect to the land er.  The heading component is
cstimated using the readings from the rate gyro and ac-
celerometers. The accelerometers, which also mcasure in-
chination directly, arc used to compensate the readings
obtained from the rate gyro to account for changes in
the orientation of the k'chicle's chassis. The compensated
rcadings are then integrated to form the final heading cs-
timate.

T'lie vehicle’s position 1S estimated by first computing
the average of the number of degrees (i.c., number of
connts) caclywheel has traveled since the previous con -
trol cycle. The averaging reduces the errors associated
with using @ minimal subset of the wheel rotation mea-
surcments. The average wheel rotation is converted into
downrange travel by multiplying it by the wheel radius.
The downrange travel is then decomposed into the dis-
tance traveled along thelander’s XandV axes (i.e, AX
and AY) bascd upon the current estimate of the veliicle’s
heading. Finally, the estiimate of the vehicle’s position is
updated by adding AX and A}’ to the current estimates.

The accuracy of the above cstimates depends heav-
ily upon the vehicle’s kinematics, soil densily, and
wheel/tread design. In general, the estimates continuously
accumulate errors. A means for bounding these errors,
however, dots exist since the lander will image the rover
at the end of cach sol. When generating a R ASK, the
operator will {it a 3-1) graphic model of the rover to the

actual 3-Dimage of the rover and extract the model’s po-
sitioninlander coordinates. ‘1his position estiinate will be
incorporated into the RASF and used to reset the onboard
position estimate. T'he dead-rcckonil)g errors can thus be
reduced to the accuracy of thelander’simaging capabil-
ity so long as the rover can be scen by lander. Other
techniques for reducing the dead-recliollillg errors asthe
vehicle nioves arc currently under development but arc
beyond the scope of this paper.

4.5.1 Obstacle/Y1azard Detection

The martian envirommnent poses many potential threats to
thesafety of themicrorover including large rocks, cornplex
boulder fields, clifls, ravines, escarpiments, steep slopes,
and dust pits, just toname a few . I response, the mi-
crorover has heen equipped with a variety of sensors for
detecting the presence of critical harzards. These sensors
range from the sim ple potentiometers which imecasure the
kinematic configuration of theinobility subsystemn to the
more sophisticated proximity sensing systein which is coin-
prised of 5 laser stripe projectors and 2 CCD cameras.

The sensors ncorporated in the design have been cho-
scn Lo overcor ne many 0of the sensing Himitations which
were cxpericnced 011 earlier vehicles. For example, the 1R
proximity sensors on Rocky 1V were limited to single point
binary detection of obstacle presence. One such sensor was
attachedto the rocker-l)op;ic strutsabovecact | of the four
outer wheels. Due to the sparsity Of thie measurcinents,
their sensitivity to surface all.redo, and theiriovement
relative to the vehicle chassis, tliese sensors wliere unable
to detect the prescence ofl clifls and holes and frequently
failed to detect obstacles directly infront of the vehicle.
Conscquently, the vehicle was susceptible to falling of a
clifl, getting caught in a hole, and high centering.

To overcome these earlier limitations and to address
other harzard conditions, the flight microrover contains an
integrated proxhmity sensing systen which includes two
CCI) cameras and five stripe projectors. Thie stripe pro-
jectors and CCDs arc mounted to the front of the vehicle
just helow the solar pancl as indicated in Figure 2. The
camncras have an extremely wide field of view, 1.7 radians
mthe horizontal direction and 1.4 radiansinthe vertical
direction, and a resolution of 2.5 mnrad/pixel.

The stripe projectors gencerate vertical planes of light
which create visible stripes on the surface of obst acles and
the terrain in front of the vehicle. When viewed by the
cameras, cachi stripe appears as aragged line due to the
irregularit jes in the terrain. Since the cameras and stripe
projectors arc allinounted along the same horizontal axis,
these ragged lines cross cach scan line within the image
only once. The five projectors generate one styipe out over
the Ti.gilt front R'licg], onc out over the left front wheel, one
out the center of the vehicle, and two stripes which arc




projected diagonally out across the front of the vehicle.

The detection of the presence of hazards using this ar-
rangement of CCDs and stripe projectors is based upon
triangulation and thresholding. Triangulation is used to
measure the range to an obstacle and or a surface patch
uponwhicha light stripe haslanded. Thresholdingisthen
used to determine whether or not the range measurcment
significs the presence of @ hazard. For examyple, consider
the task of looking for a hole or cliff infront of the right
wheel. Inthis case, the right stripe projector is turned on
andtheright camera takes animage. Then ascanline is
sclected near the bottom of the immage and filtered to lo-
cate the position at which the light stripe crosses the scan
line. ‘This posit jon corresponds the angle at which the
reflected light ray entered the lens. With this informa-
tion aud the known geometry of the stripe projector and
camera, the range to the illuminated point is €01 puted.
This range is then compared to the range that one would
expectl tomeasure i the vehicle where sitting on a large
flat surface. I the former is significantly greater thanthe
latter, it indicates that the terrain drops ofl sharply and
that a hazard exists. If it is less thanthe latter itindi-
cates that the terrain is sloping upward. I the difference
is very largeit illdicaes that an obstacle,sucliasarock,
is irmmediately in front of the wheel.

Whenthe vehicle is navigating, both the right and left
cameras arc used to sensc for hazards and the stripe pro-
jectors arc powered 011 and off in a preprogrammed se-
quence to insure that multiple stripes app caring within a
single image can be properly disambiguated. In addition,
four scanlines are typically used at the same time; one
at the top of theimage , two in the middle, and one at
the bottom. The processing of multiple scan lines enables
the systemn (0 look for hazards which lie directly infront
of the vehicle as well as more distant hazards. On Mars,
this proximitly scusing and hazard detection systenn is de-
signed toopcrate over arange of 10 to 50 ain. If required,
the operating range can be increased by subtracting out
the ambient light through simple image diflerencing. This
would increasc the spot detection SNR, which is approxi-
maltely 3, by roughly two orders of magnitude.

A varicty of other sensors are used to detect hazards.
These include, for exarnple, the accelerometers which
1 easure vehiele inclination and provide an indication of
whether or not vehicle is likely to tip over.  ‘I'llcy dso
serve to indicate which way the vchicle will slip traveling
laterally along a steep slope. Contact scnsors onthelower
frout edge of the belly panserve as a safety net against
the presence of belly height rocks whichimay have been
missed by the proximity sensing systeimn and could cause
the vehicle to fatally high center. Contact sensors on the
rim of the solar pancl indicate that the vehicle has come
too closc to rock with overhanging protrusions. The bo-
gey and diflerential position sensors indicate the presence

of insurmountable obstacles anud/or unexpectedly rough
and potentially hazardous terrain.

A complete deseription of all the hazards which can
be detected by the inierorover is beyond the scope of this
paper.

4.5.2 Obstacle/Nazard Avoidance

The microrover avoids obstacles and other navigation
related hazards by invoking preprograimned behaviors
which override the default straight-line navigation algo-
rithm.  The particular behavior invoked depends upon
which hazards have been encountered. Ior example, i f
one of the front contact sensors is depressed the vehicle
is programned to ninmediately stop, backup up, turn to
oneside, and drive forward ashort distance. If 1o other
hazards arc present, the vehicle re-invokes the straight-
line navigation algorithm and again starts heading directly
towards the next wayp oint. Designing behaviors which
safely avoid all of the hazards can somctimes be quite
tricky and the designers make frequent use of experimen-
tal results to assist thein in tuning the behavior param-
cters (e.g., the amou nt to turn before moving forward).
The greatest challenge, however, lies indeteriining what
to do whenmore than onc hazard has been detected. To
avoid havingto develop a large sct of behaviors, cach of
which corresponds to a different possible set of hazard con-
ditions,the overal behavior control algorithin contains a
decision tree whichdcterinines which hazard is moreim-
portant (i.c., which is more likely to cripple the micro-
rover) and thus which behavior should be invoked first.
Like the behaviors themscelves, the decision tree is prepro-
grarmmed and coustructed by the designers hased upon
asimple analysis of the vehicle’s capabilitics and failure
Mlodes.

The obvious advantage to behavior control is its con-
putational simplicity. Based upon our prior expericncees
with Rocky 11T and Rocky 1V, 1t is estimated that the final
flight systcin will contain approximately 15-20 clemental
behaviors which, in various combinations, canbe used to
respond to all of the hazards which arc likely to exist, 011
Mars. If, owever, the vehicle 1S unable to successfully
recach a specified waypoint within a specified ainount of
time, and/or after having traveled a specified amount, it
can simply stop and “hone home”. At that point, the
ground-based operator and experiment teamn can analyze
the situation using the data collected during the vehicle’s
attempl to reach the waypoint as well as lander-based im-
ages of the rover. A new RASH can then be gencrated,
uplinked to the rover, and used to “walk” the vehicle out
of its current predicament. From a mission point of view,
this approach congtitutes a balance betweenthe amount of
autonomny which one can rcasonably expect to incorporate
imto such a sinall and computationally limited vehicle, the



immense cognitive skills of thesystcins’human operators,
and the level of risk than canbe reasonably assuined when
dealing with multi-million dollar interplanctary mission.

5 CON CLUDING REMARKS

The MESUR/Pathfinder Mission will play anextremely
important role in the evolution of interplanctary explo-
ration. If successful, it will set the stage for the devel-
opment of small, moderately- priced spacceraft capable of
controlling sophisticated scientific instruments. In addi -
tion, it will demonstrate that robotic vehicles, like the one
described in this paper, can successfully perforim a wide
range of newand exciting scientific experiments (e.g., the
emplacement of instruients like the APXS against rocks
which lie beyond the reach of a lander).

The task of designing a microrover for operation on
Mars poses numnerous challenges. Many of these arise from
the characteristics of the martian environment, the most
scevere Of which is thennaleycling . ‘I'he heretofore unan-
swered questions about the proprerties of the martian soil
also bring about numerous challenges.

In conclusion) it is hoped that the MESUR /Pathfinder
microrover Will provide the rescarch community with valu-
ablcinformationto assigt, inthedesign of future planetary
rovers.
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